been replaced because it is well established, relatively rapid, reproducible across institutions and generations, inexpensive, and predictive of disease stage, severity, and prognosis. However, advances in therapeutic strategies are forcing us to gain a better understanding of disease mechanisms and appreciate the basis for heterogeneity, as responses to treatment can vary with disease subtypes. In many respects, these problems are being addressed through the use of immunophenotyping by immunohistochemical staining or fluorescence-activated cell sorting (FACS), gene expression analysis by polymerase chain reaction (PCR) or in situ hybridization studies, and gene mutation or polymorphism detection by next-generation sequencing and fluorescence in situ hybridization (FISH).
Unfortunately, many diseases, particularly those that are metabolic or degenerative rather than neoplastic in nature, do not readily render themselves more diagnosable by any of these approaches. One of the main reasons is that their underlying bases are often anchored in chronically altered states that lead to pathogenic shifts in intracellular signaling, organelle dysfunction, stress, and metabolic derangements. Furthermore, different pathogenic agents can produce similar or even indistinguishable histopathological abnormalities, limiting the utility of routine histology as a stand-alone diagnostic tool. For example, alcoholic liver disease, non-alcoholic fatty liver disease, and hepatitis C virus infection can all cause steatohepatitis that progresses to cirrhosis and liver failure (Neuman et al. 2014) . Chronic alcohol abuse, heavy tobacco smoking and Alzheimer's disease are all associated with atrophy of cerebral white matter (de la Monte 1988; Durazzo et al. 2014; Wang et al. 2009 ). Inflammatory diseases of the gastrointestinal tract have a wide range of etiologies (Escobedo et al. 2014; Hajela et al. 2015) . Therefore, additional approaches are needed to more effectively diagnose and guide therapy on the basis of disease pathogenesis. Since mass spectrometry enables the detection and quantification of abnormally expressed or modified (e.g. phosphorylated, glycosylated, or nitrosated) lipids, proteins and nucleic acids, without the need for specific antibodies, this approach holds tremendous promise as a complementary diagnostic aid, particularly for non-neoplastic disease.
Among all of the biochemical and molecular abnormalities that occur with disease, lipids are the most challenging to study because of the lack of suitable reagents, including antibodies, for analysis; yet, their roles in membrane structure and function, metabolism, and intracellular signaling are vast. Lipids are the principle component of the myelin sheath that insulates nerve fibers in the central and peripheral nervous systems. Myelin degenerates and fails to recover in inflammatory diseases, such as multiple sclerosis, and in metabolic/degenerative diseases due to alcohol abuse or Alzheimer's disease; yet, we have no way to adequately study these problems in humans. Lipids accumulate in hepatocytes following a wide range of insults; but only in a subset of individuals does the lipid accumulation (steatosis) lead to progressive disease that culminates in liver failure. Currently, we do not understand how hepatocyte lipid profiles change in relation to proneness for disease progression. These problems could be addressed using mass spectrometry and, specifically, MALDI-IMS because the abnormalities could be linked to specific cellular and structural pathological changes. Thus far, a number of ionization methods, mass analyzers, and ion detectors have been developed for IMS. Below, we discuss the most commonly used instruments and analytical approaches for lipid studies.
How MALDI Works
MALDI is a soft ionization technique in which sample molecules or analytes are co-crystallized with the matrix to form sample-matrix crystals. Pulsed UV laser targeting of the crystals results in vaporization of matrix that carries the analyte with it. The matrix acts as a proton donor or acceptor, ionizing the analyte (Di Girolamo et al. 2013; Lewis et al. 2000) . Proton transfer between the matrix and the analyte renders neutral analyte molecules [M] protonated ([M+H] + ) or deprotonated ([M-H] -), and resulting ions are detectable in positive or negative ion modes, respectively. Analytes can also form adducts with salts ([M+Na] + ) via cation transfer. Laser irradiation is influenced by wavelength, pulse duration, and fluence (Dreisewerd 2003; Knochenmuss and Zenobi 2003) . To achieve the best mass spectrometric performance, MALDI typically employs a nitrogen UV laser (337 nm) or frequency tripled (355 nm) or quadrupled (266 nm) Q-switched neodymium-doped:yttrium aluminum garnet (Nd:YAG) lasers. Pulse durations are usually short, between 0.5 and 10 ns, as longer pulses may cause destructive thermal excitation of analytes prior to their release into the gas phase via desorption/sublimation. Laser fluence is the amount of laser energy pulsed to a focused area (spot). Standard fluence values used for MALDI are between 30 and 600 mJ/cm -2 . If the laser fluence is too low, no ions are produced, and if it is too far above the threshold, the generation of ion currents may exceed the capacity of the mass analyzer and detector. In most cases, the parameters for laser fluence needed for sample analysis can be adjusted prior to image execution based on published literature. MALDI, including with IMS, is usually coupled with time-of-flight (TOF) mass analysis and detection by ion-toelectron conversion. In TOF, ions accelerated by an electrostatic field are allowed to drift in a neutral field. Due to acceleration, ions with equal charge have the same kinetic energy, but the differences in ion velocities distinguish ions based on mass. Smaller particles move faster through the flight tube and reach the detector in shorter periods of time than heavy particles. The time required to reach the detector determines the ion's m/z ratio (Wiley and McLaren 1955) . A mass spectrum is generated at each position irradiated by the laser. The tissue distribution and relative intensity of individual ions can be visualized using a color scale corresponding to the relative intensity of each ion at every pixel. (Fig. 1 ). Most important, the positions of individual or clusters of molecules visualized on the image can be co-localized with histological structures and histopathology. In a typical mass spectrum, the x-axis represents m/z values, whereas the y-axis reflects total ion counts. In IMS, the m/z ion values are rasterized across tissue sections such that molecular information is collected from regularly spaced pixel arrays (Seeley and Caprioli 2008) . The distance between pixels governs spatial resolution of the image. A highly resolved image can be acquired by adding grid points within the area but the additional information can decrease overall signal intensity and the number of peaks detected while increasing acquisition time and data file size. Protocol optimization considers these variables.
Overview of Sample Preparation
Sample preparation and storage are critical for ensuring that the integrity and spatial distribution of molecules in tissues are preserved, and that delocalization and degradation of analytes are minimized or avoided. Earlier protocols focused on imaging proteins and peptides, whereas later applications have attended to the detection of lipids. In deciding upon an experimental strategy, the sample source and nature of the analytes to be detected should be major considerations, and protocols should be adapted accordingly. Typically, freshfrozen tissues are cryosectioned and mounted onto glass slides coated with a conductive MALDI target. The sections must then be washed with an aqueous buffer, and then matrix applied to the tissue section. The samples can then be imaged and analyzed for presence, abundance and distributions of molecules in the tissue. Since the literature is replete with methods for analyzing proteins and peptides (Groseclose et al. 2007; Meding and Walch 2013) , and our major research areas concern lipid abnormalities in steatohepatitis and myelin degeneration of different etiologies, in this review, we provide general guidelines as well as specific recommendations for imaging lipids using MALDI-IMS.
Sample Collection
As is the case for all biological tissue-based studies, rapid and efficient collection and storage of samples are critical. Delays, such as those associated with postmortem human tissue harvesting, particularly from subjects with prolonged antemortem agonal periods, can cause artefacts and reduce sensitivity and specificity of results. Therefore, under all circumstances, validation and reproducibility studies, including the use of appropriate controls, are needed. Rapid freezing of tissue helps prevent molecular degradation due to endogenous enzymatic activity, oxidation, and posttranslational modifications. It is best to snap-freeze small pieces (generally up to 1 cm in diameter and 3-4 mm in thickness) of well-oriented (gently flattened and free of folds) tissue samples by submerging them in crushed (pulverized) dry ice or liquid nitrogen. Dry ice freezing can be preferable to liquid nitrogen due to reduced cracking. Frozen tissue should be wrapped, e.g., in aluminum foil, or inserted into a pre-labeled plastic, disposable histology cassette prior to storage in an air-tight container at -80°C. The use of standard histology cassettes enables convenient, clear labeling, rapid sample retrieval, and specimen mounting onto cryostat cutting blocks. Besides fresh-frozen tissue, which is the "gold standard", MALDI-IMS can be performed on tissues stabilized by formalin fixation, heat, or microwave irradiation (Carter et al. 2011; Goodwin et al. 2012; Sugiura et al. 2014 ). Furthermore, although investigators have also established MALDI-IMS protocols for analyzing formalin-fixed, paraffin-embedded (FFPE) tissues (Groseclose et al. 2008) , those approaches are not suitable for lipid studies because tissue lipids are extracted during the processing steps required for dehydration before paraffin embedding and re-hydration before staining and imaging. On the other hand, as the technology advances, we might anticipate that the barriers to accessing the large repertoire of archived FFPE human and experimental animal model tissues that span decades of collection from countries around the world, will be resolved, enabling us to better understand disease pathogenesis.
Sectioning
The ultra-sensitivity of MALDI-IMS demands avoidance of contaminants. Therefore, cryostats used for sectioning must be thoroughly cleaned before and after use. In some instances, it may be appropriate to have a cryostat dedicated for MALDI-IMS, particularly when there are multiple heavy users of the instrument. Embedding material, particularly Optimal Cutting Temperature (OCT) compound, must not contaminate the tissue sections mounted on slides because OCT can suppress ionization and analyte detection. In general, just a very small amount of OCT should be applied to the center of the frozen tissue block for attachment to the chuck. The OCT compound/medium must not extend beyond the tissue perimeter. Alternatively, glue can be used to affix tissue to the chuck. Sectioning very tiny fragile specimens can be challenging. However, the process can be facilitated by embedding the tissue in 2% or 5% carboxy methylcellulose, 1% agarose, or 5% to 10% gelatin, and attaching the specimen to the chuck using either OCT or glue. Optimum section thickness is between 10 and 20 µm, made at cabin temperatures between -10°C to -20°C. Flat tissue sections free of folds and cracks are thawmounted onto room temperature glass slides coated with indium-tin-oxide. Serial sections should be mounted on separate glass slides for repeated imaging or histological staining. However, different samples, e.g. diseased versus control, can be mounted onto the same slide to control for subsequent specimen handling and imaging. After sectioning, the slides can be stored in -80°C for approximately 1 year. Prior to sample processing, slides from the freezer should be brought up to room temperature in a desiccator under vacuum.
Aqueous Wash
The tissue sections must be washed in an aqueous buffer to remove native salts and minerals. This straight-forward step vastly improves ion signal intensities while retaining their spatial resolution. A number of buffers and washing protocols have been tested and optimized (Angel et al. 2012) . For example, Angel et al. tested ammonium bicarbonate (pH 8.4), ammonium acetate (pH 6.7), ammonium formate (pH 6.4), and formic acid (pH 2.5) at 50 mM concentrations for 5, 10, 15, and 30 sec. A 15-sec ammonium formate wash was found to be optimum for maximizing signal intensity (Angel et al. 2012) . For our research, we further optimized the protocol for studying liver and brain by washing the fresh-frozen tissue sections (4 times, 5 sec each) in 50 mM ammonium formate (pH 6.4). These washes were performed by gently pipetting 100-200 µl of buffer directly onto the tissue, waiting 5 sec, pouring off the liquid, then repeating the cycle. This approach is preferable to submerging the slides in buffer because it reduces the risk of losing specimens due to dislodgment from the slides. As an additional precaution, tissue section adherence can be increased by pre-coating the slides with poly-l-lysine (Zavalin et al. 2012) . Ammonium formate buffer washes increased lipid ion signal intensities by at least three-fold when imaged in the negative ion mode (Fig. 2) . After the buffer washes, the slides were dried under vacuum for 30 min to enhance tissue adhesion.
Matrix Application
Matrix is then applied to fresh-frozen ammonium formatewashed, vacuum-dried tissue sections. Matrix is composed of small, acidic, and aromatic compounds that can absorb laser energy at the same wavelength as the irradiating laser. Sinapinic acid is commonly used to analyze high molecular weight proteins, whereas α-cyano-4-hydroxycinnamic acid is preferred for analyzing low molecular weight peptides. DHB (2,5-dehydroxybenzoic acid) is commonly used to image lipids because of the resulting high spatial resolution and sensitivity. The quality of matrix application can significantly impact mass and spatial resolution, sensitivity, and reproducibility of the MALDI-IMS results (Murphy Figure 2 . Effect of aqueous washing on lipid ion intensity in histological sections of (A) human livers and (B) rat brains. Two adjacent tissue sections were thaw-mounted on the same MALDI slide. One section was not washed, and the other was washed by pipetting ~100-200 µl of 50 mM ammonium formate buffer four times for 5 sec. The sections were dried in a desiccator under vacuum for ~30 min before matrix application to increase the adhesion of tissue section to the slide during MS acquisition. The distribution of lipid ions in tissue sections and the average MS spectra detected in washed versus un-washed sections show that aqueous washing increases lipid ion intensities by at least 3-fold when imaged in the negative ion mode. et al. 2011). Matrix application approaches can be manual or automated. Manual application techniques, including the use of airbrushes or thin-layer chromatography (TLC) sprayers (Wang et al. 2008) , can be problematic due to difficulty controlling the thickness and distribution of the matrix, and achieving consistent results from slide to slide. Automated matrix sprayers are more suitable for achieving matrix applications that are reproducible and afford high resolution, excellent spectral quality imaging (Yamada et al. 2011) .
For lipid studies, although both manual and automated matrix application methods are widely used, an alternative approach is to employ sublimation. Sublimation is a dry method that does not require a matrix solvent, which can cause lipid analytes to become delocalized. Sublimation is also relatively inexpensive and can be completed within a short period of time (less than 10 min). Most important, sublimation produces even layers of small crystals across targets (tissue sections), substantially increasing the resolution of ions detected. Using a commercial sublimation apparatus, matrix deposition can be rendered highly reproducible by standardizing the time, temperature, and pressure settings (Hankin et al. 2007 ).
The commercial sublimation apparatus (Chemglass Life Sciences, Vineland, NJ) consists of upper and lower flasks coupled to a rough pump and digital thermocouple vacuum gauge controller (Fig. 3A) . A cold trap is placed between the sublimation flask and pump to avoid contaminating the pump with matrix crystals. DHB crystals (300 ± 5 mg) should be evenly dispersed on the bottom of lower flask. The MALDI target, i.e., the glass slide with mounted tissue sections, is attached with conductive copper tape to the bottom surface of the upper flask facing the matrix crystals (Fig. 3B) . After positioning the target and matrix, the upper and lower flasks are sealed tightly, then the upper flask is filled with wet ice to chill the glass slide, and vacuum is applied using the pump. Once the pressure reaches 0.05 Torr, the sublimation chamber is placed onto the sand bath heated over a hot plate. With heat and vacuum applied, matrix molecules transition from the solid phase to gas phase, and subsequently condensate onto the surface of the cool slide. Within approximately 7 min, with the temperature at 120°C, the MALDI slide should be coated with 200 ± 13 mg/cm 2 of DHB matrix as a thin uniform layer (Fig.  3C) , which is needed to obtain high-quality images.
MALDI-IMS Execution
MALDI targets must have an electrically conductive surface. To achieve this, the tissue mounting surfaces of the glass slides are coated with indium tin oxide (ITO), which is transparent and conductive. Pre-coated slides are commercially available. The matrix is uniformly applied to the entire conductive surface of the slide, covering the tissue and the bare ITO-coated glass. The slide edges must be wiped free of matrix to prevent electrical conductivity noise. Two additional steps are then needed before the tissues can be imaged. The first is to spot a calibration standard onto the MALDI target for instrument calibration. The calibration standard consists of a mixture of compounds; e.g., peptides or lipids that have m/z values spanning the range of the analytes of interest. The standards are mixed with the matrix solution that is applied to the tissue sections; e.g., DHB in 50% acetonitrile, 0.1% TFA (1:1). The calibration standard (1 µl) is applied directly to the MALDI target and air-dried. The second pre-imaging step is to mark the target with three teaching points that will be used to align the slide and tissue image with the actual target position in the instrument.
The matrix-coated conductive glass slide with mounted tissue sections, calibration spot, and teaching points is placed onto the MALDI slide adapter and inserted into mass spectrometer. The optical image generated at a minimum resolution of 1200 dpi is loaded into the imaging software to generate auto-execution sequences and set the teaching points for individual IMS experiments. The tissue sections are encircled to facilitate localizing their boundaries while being imaged. A raster size is determined based upon the resolution required to address specific biological questions. For high-resolution imaging, the laser ablation targets can be spaced at 10-50 µm intervals. For exploratory imaging, larger raster sizes (200-300 µm) would suffice to select more focused regions of interest for high-resolution imaging (Andersson et al. 2010) . However, compromises with respect to resolution must be considered because, although high resolution images provide more spatial information, they can substantially increase acquisition time, datasets, and length of instrument use, and decrease sensitivity and the number of ions produced/detected (Norris and Caprioli 2013) .
Besides raster size, other factors affecting image detection or resolution include laser beam diameter and instrument polarity. Laser beam diameter is adjustable on just a limited number of instruments. The Bruker Smartbeam® has a 5-step adjustable focus that is sized as ultra-large, large, medium, small, and minimum. Estimating the importance of the effective beam diameter for specific data acquisition can be achieved by comparing the tissue ion spectra acquired from adjacent raster points using each of the beam diameters (Setou et al. 2010) . With regard to polarity, images are usually acquired in both the positive and negative ion modes for untargeted analysis. Alternatively, the instrument can be set to detect ions in either the positive or negative ion mode if the ionization tendencies of the analytes of interest are known.
MALDI-IMS Data Acquisition and Analysis
IMS data, consisting of m/z values of ions, signal intensity, and x-and y-coordinates, are used to visualize ion distributions and intensities throughout the tissue section.
Ion intensity within a specified area or region can also be represented as an averaged spectrum. Distributions of single or multiple m/z values can be visualized within specified regions of interest (ROIs), and signal intensities can be compared among different ROIs. IMS results should be validated by imaging identical samples (serial sections) on separate days, and under the same matrix application and MS acquisition conditions to assess intra-sample variability. In addition, IMS should be performed on numerous different subjects within each group to assess inter-sample variability (Fig. 4) .
Because of the large amount of complex data acquired by IMS, it is often necessary to apply algorithms that characterize sample groups. Principal component analysis (PCA) is one of the commonly used methods of analyzing complex MALDI-IMS data sets. PCA is a statistical differentiation method that extracts variances within data sets. PCA reduces the dimensionality of the mass spectra data to either a 2D or 3D coordinate system, where each spectrum is represented by a point or symbol. Spectra with similar characteristics form clusters, rendering inter-sample and inter-group differences readily visible on PCA plots (Cho et al. 2012) . Hierarchical clustering is another statistical method that provides grouping of the spectra into different classes. Spectra are clustered by similarity in a dendrogram, and specific nodes can be visualized with different colors on the MALDI image. This enables classification of different tissues such as healthy versus diseased state .
A unique feature of IMS is its ability to correlate biochemical data with histopathology. This is best accomplished by pre-or post-staining of histological sections used for IMS, and staining of immediately adjacent histological sections made at the same time as those used for IMS. Staining prior to IMS provides unambiguous correlation between histology and IMS, but staining can compromise the quality of MS spectra (Walch et al. 2008) . Although staining after IMS acquisition also enables clear correlation between spectra and histology, the tissue integrity can be lost due to the prolonged acquisition periods (laser irradiation) needed to generate high-resolution images. Either way, we have found it prudent to stain the immediately adjacent section because the histological details are crisp and the regional co-localization of analytes remains fairly accurate. We recommend staining the tissue sections after IMS analysis, as well as the subsequent serial section (stored at -80°C). With guidance from a pathologist, standardized ROIs that reflect representative structural features within the sections can be co-registered and digitally marked on the scanned images for further IMS analysis (Fig. 1) . This approach generates more refined data from uniform areas across multiple sections/cases, and it reduces the data volume by focusing on subsets to be analyzed.
Identification of Molecules
Following MALDI-IMS, it is desirable to identify specific ions that distinguish different regions of the tissue or different experimental or human study groups. The identification of molecules can be accomplished by tandem mass spectrometry analysis (MS/MS). Using MS/MS, parent ions (analytes to be identified) are fragmented by laser energy, generating product ions that are collected in MS/MS spectra. The characteristic patterns of product ion fragmentation enable their identification via comparison with database libraries. For example, complete assignment of glycerophospholipids requires product ions that are indicative of the head group (such as ethanolamine, serine, choline or inositol) plus two fatty acyl chains. Fatty acyl chains are fragmented by the loss of carboxylic acid or corresponding ketene group. The parent ion and all of the fragments are used to search a lipid database, such as LIPID MAPS. The structure/identity of the lipid is assigned based upon fragment matches in the library.
Despite the potentially broad application of "biochemical histopathology", such as its diagnostic applicability in distinguishing different causes and disease stages of steatohepatitis, many MALDI-IMS routines lack the ability to distinguish isobaric and isomeric compounds because of omission of pre-separation steps used for liquid chromatography coupled with MS/MS (LC-MS/MS). Isobaric and isomeric molecules have the same masses, but isobaric molecules have the same total number of protons and neutrons whereas isomeric compounds have identical numbers of protons and neutrons. Thus, whereas the chemical composition and m/z is the same between isobaric and isomeric proteins, the orientations of their atoms differ due to alterations in double bond positions, backbone substitution of fatty acyls, and stereochemistry. To circumvent this problem, MALDI-IMS can be coupled with high-resolution mass analyzers such as orbitrap (Landgraf et al. 2009 ), fourier transform ion cyclotron resonance (FT-ICR) (Vidova et al. 2010) , or ion mobility mass spectrometry. For example, ion mobility mass spectrometry has been used to detect glycerophosphoethanolamines (PEs), glycerophosphoserines (PSs), glycerophosphoglycerols (PGs), glycerolphosphoinositols (PIs), glycerophosphates (PAs), sulfatides (STs), and gangliosides directly in mouse brain tissue sections, as well as in brain tissue extracts (Jackson et al. 2014 ).
Conclusions
MALDI-IMS is a powerful method that enables investigators to visualize, localize and quantify molecules in situ in Figure 4 . Method Reproducibility. Serial sections from human liver were thaw-mounted onto separate MALDI slides and imaged on different days. The nearly exact overlays of MS spectra from each experiment demonstrate that the method is highly reproducible. tissue sections. This emerging field of biochemical histopathology should be embraced by pathologists, as it offers the opportunity to expand diagnostic assessments and better distinguish underlying causes of disease that share similar histopathological features. Integrating biochemical histopathology with the already established molecular and structural pathological approaches could help refine diagnostic criteria, disease stage, and analysis of complex patterns of tissue injury.
